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Historic and projected water demand in the Tucson Active 
Management Area (using data from City of Tucson (2004))

The Problem
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Is water reclamation the next bucket?

Decentralized/satellite 
treatment -

Where and how to 
treat?

Dual distribution systems -
How to distribute and 
for what uses?

NAE grand challenge: “Combined neighborhood”
of urban water and wastewater systems



Utility GoalsUtility Goals



 
Reliably satisfy water demand and water 
quality needs



 
Triple bottom line objectives

 Construction and operational costs
 GHG and impact of releases to environment
 Institutional/regulatory compliance and    

social acceptance 


 
All under an uncertain future



Project Goals
Optimize real and randomly generated systems to analyze the 
effects of:



 
institutional, legal and social constraints and



 
topology and spatial land development patterns 

on the optimal layout and design of integrated water 
supply/wastewater treatment services and assess



 
the resiliency and sustainability of the system to withstand 
supply, energy and mechanical disruptions and



 
the system objectives in terms of dollars, energy, and 
GHG production



Model dual supply systems 
• Hydraulics
• Economics
• Energy
• GHG production
• Water quality
• Reliability 

Model regional supply systems 
• Water Demands
• Economics
• Energy
• GHG production
•

 

Supply and Demand 
uncertainty
•

 

Quantify 
Resilience/sustainability 

Optimize dual supply 
systems 

Optimize regional 
supply systems 

Optimize complete 
water 

reclamation/supply 
system

Lansey & Choi

Arnold & Davis

Bayraksan & 
Lansey

Assess social 
institutional, legal 

constraints and goals
Public education 
and utility tools

ScottAll

Utility input
& support

On the ground 
applications

Life cycle cost 
analysis



Use Area

Economies of Scale vs Pumping Economies of Scale vs Pumping 
CostCost

Regional WW
Interceptors

Regional RW 
Transmission

Regional Wastewater 
Reclamation Facility 
(WRF)

Satellite 
WWRF

Local  RW 
Distribution



Decision Support System (DSS)Decision Support System (DSS)


 

Malcolm Pirnie, Inc. under WateReuse Foundation Malcolm Pirnie, Inc. under WateReuse Foundation 
projectproject



 

Can compares regional and satellite treatmentCan compares regional and satellite treatment


 

Costs Costs 


 

wastewater treatment wastewater treatment 


 

distribution +/or recharge distribution +/or recharge 
of reclaimed waterof reclaimed water



 

Other criteria (e.g.,Other criteria (e.g.,
reliability, environmentalreliability, environmental
factors) in a weightedfactors) in a weighted
decision matrixdecision matrix


 

Will be linked with Will be linked with 
education and optimizationeducation and optimization
toolstools





12 mgd wastewater 
to Roger Rd 
WWRF

16.5 mgd potable 
water from Hayden 
Udall WTP

12 mgd 
wastewater to 
Roger Rd 
WWRF

13.5 mgd potable 
water from Hayden 
Udall WTP

3 mgd         
.

 

reclaimed 
water to 

HAMP

13.5 mgd potable 
water from Hayden 
Udall WTP

3 mgd 
reclaimed 

water 
used in  
HAMP

5 mgd 
wastewater to 
Roger Rd 
WWRF

4 mgd  to Rillito River 
for ground-

 

water 
recharge

HAMP Reclamation Scenarios



HAMP Scenarios: ResultsHAMP Scenarios: Results
Scenario Potable System 

Cost
Wastewater/ 

Reclaimed System 
Cost

Total Cost
(20 year present 

worth)

No reclamation $840 million $180 million $1020 million

Regional 
reclamation

$590 million $230 million $820 million

Satellite 
reclamation

$590 million $205 million $795 million



 

If groundwater recharge is valued at $1000/  acre ft, the recharge 
option is worth $4.7 million annually.



 

Assumptions :   


 

New supply line from WTP (versus expansion of existing lines)


 

Neglect expansion of WW collection system 


 

Neglect expansion of reclaimed water pipeline



Dual distribution systems Dual distribution systems 

What flow to provide through each system?What flow to provide through each system?

Potable
Irrigation
Toilet
Fire flows



Water use
Scenario 1 Scenario 2 Scenario 3 Scenario 4

P* NP** P NP P NP P NP

Drinking

Toilet

Outdoor

Fire

Individual
System
Cost ($)

2,507,245

--

1,752,069

1,175,731

1,650,095

1,438,153

930,774

1,970,812

Total
Cost ($)

2,507,245
2,927,799
(↑

 

16.8%)
3,088,246
(↑

 

23.2%)
2,901,584
(↑

 

15.7%)

Optimal cost comparison          Optimal cost comparison          
(minimize costs: pump/pipes/O&M)(minimize costs: pump/pipes/O&M)



Historical and Projected 
Demand & Supply

full allotment
=262,490 afy

80% of total effluent 
production from all plants
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Historical and Projected GW 
budgets
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Sustainability Measures 
(using GW budgets)

1. Reliability (1 -

 

failure frequency): R1
No. of satisfactory values / Total no. of simulation periods

2. Resiliency (failure duration): R2
1 / Average duration of unsatisfactory events

3. Vulnerability (magnitude of failure): R3
1 –

 

(Sum of individual unsatisfactory values / Max. among all alternatives)

4. Restorability (magnitude of success): R4
Sum of individual satisfactory values / Max. among all alternatives

Sustainability Index (weighted average of R1~R4)
W1*R1 + W2*R2 + W3*R3 + W4*R4,  where W1+W2+W3+W4=1

Note) All measures range [0, 1]
Zero(0) for least sustainable and One(1) for most sustainable condition



Sustainability Measures 
(Illustrative example)

1 2 3 4 5 6 7 8 9 10
-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

Time

G
W

 b
ud

ge
t

R1(reliability)

 

= 5 / 10 = 0.5

R2(resiliency)

 

= 1 / ((2+1+2)/3) = 0.6

R3(vulnerability)

 

= 1 –

 

(20/25) = 0.2   (*20=5+3+4+6+2, Alter2=25, Alter3=15)

R4(restorability)

 

= 16/23 = 0.7   (*16=2+6+2+4+2, Alter2=14, Alter3=23)

Sustainability = (R1+R2+R3+R4)/4 = 0.5



Scenario Analysis of the TAMA GW 
budgets
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 Scenario 1 - 5% increase of demand

2010                2015                2020                2025                2030                2035                2040                2045                2050

-1000

0

1000

-1020918 af

2010                2015                2020                2025                2030                2035                2040                2045                2050
-100

-50

0

50

100

G
W

 b
u

d
g

et
 (1

00
0s

 o
f A

F
)

 Scenario 2 - 5% decrease of demand
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 Scenario 3 - 10% increase of effluent water reuse
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 Scenario 4 - Drought every 5 yrs
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Sustainability Measures
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 Scenario 2 - 5% decrease of demand
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 Scenario 3 - 10% increase of effluent water reuse
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 Scenario 4 - Drought every 5 yrs

Reliability 
(R1)

Resiliency 
(R2)

Vulnerability 
(R3)

Restorab-

 

ility (R4)
Sustain-

 

ability

Base
Condition

0.39 0.16 0.53 0.43 0.38

Scenario
1

0.20 0.15 0.00 0.13 0.12
(↓0.26)

Scenario
2

0.73 0.45 0.85 1.00 0.76
(↑0.38)

Scenario
3

0.54 0.32 0.70 0.67 0.55
(↑0.17)

Scenario
4

0.32 0.21 0.13 0.36 0.26
(↓0.12)



Design Uncertainties

Uncertainties affecting Uncertainties affecting 
conjunctive system sustainability and resilienceconjunctive system sustainability and resilience



Tucson general survey Tucson general survey ----
 acceptable urban usesacceptable urban uses

*Approved uses for reclaimed water per Arizona Administrative 
Code 



Existing residential reclaimed water users’
 acceptance of potential reclaimed water uses

Reclaimed Water 

 User Study 

 (General)

%    Agree/
strongly agree

%   Disagree/ 

 strongly disagree
%   Unsure

groundwater 

 replenishment
75/(48) 11/(29) 14/(22)

swamp coolers 51/(48) 28/(30) 21/(22)

laundry 35/(41) 45/(32) 21/(27)

toilet 84/(79) 14/(13) 3/(8)

swimming 32/ (*) 50/ (*) 22/ (*)

car washing 78/ (*) 15/ (*) 7/ (*)

cooking 14/(10) 68/(65) 19/(25)

drinking 11/(8) 70/(66) 18/(26)

Values in parens are from the Tucson general survey



Who do you trust to provide accurate information about reclaimed

 

water?

* p <

 

.05

 

** p <

 

.01

 

*** p <

 

.001

Dependent variable : Would you be willing to drink reclaimed water if it was treated  to a water 

 
quality  level  that matched  or  exceeded  your  current  tap  water  quality? 

Tucson general survey --
 acceptable urban uses



Aspects of project that will enable 
potentially transformative results



 

Demonstrate Water and Wastewater utility 
collaborations



 

Integration of triple bottom line objectives in  
particular social/institutional



 

Education of water needs and policy impact –
 facilitated public involvement in water/wastewater 

decisions



 

Combining regional water supply planning with 
detailed distribution system design





Economic cost breakdownEconomic cost breakdown
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Water 
Quality

Water 
Quantity

Energy,  
GHG

Legal and 
Institutional

Social/
public 

perception

Arnold, Choi,
Davis

Choi, 
Lansey

Lansey Scott Scott

Integrated Water and 
Wastewater System Modeling   

(All)

Integrated System Optimization 
(deterministic & stochastic) 

(Bayraksan/Lansey)

Project Responsibilities



 

Monthly full team meetings


 

Bi-weekly/weekly sub-group meetings


 

Regular partner interactions


 

Annual partner summary meetings


 

Eight grad students; plans for 2 more with undergraduates



EFRIEFRI--RESIN: Optimization of conjunctive water supply and RESIN: Optimization of conjunctive water supply and 
reuse systems with distributed treatment for highreuse systems with distributed treatment for high--growth watergrowth water--

 scarce regionsscarce regions
Rationale

Impacts Interdisciplinary Team
Lansey -

 

Civil Engineering & Engr. Mechanics

Arnold

 

-

 

Chemical & Environmental Engineering

Bayraksan

 

-

 

Systems & Industrial Engineering

Choi

 

-

 

Agricultural & Biosystems Engineering

Scott

 

-

 

Public Policy; Geography & Reg. Devel.

Davis

 

-

 

Malcolm Pirnie Consulting Engineers

•

 

Water scarcity –

 

36 states within 5 years
•

 

Key infrastructures:
(i)

 

Water supply                                                    
(ii)

 

Wastewater treatment and reuse distribution

•

 

NAE grand challenge: “Combined neighborhood”

 
of urban water and wastewater systems

•

 

Cost, environment, public perceptions all matter
•

 

Resilience & sustainability affected by uncertainty
Short term –

 

mechanical failure, drought, etc.
Long term –

 

growth, climate variability, policies

•

 

Paradigm shift to resilient integrated systems

•

 

Optimal design & operations minimizing Triple 
Bottom Line ($$, environmental, social costs)

•

 

Decentralized treatment reduces energy & 
operations costs, increases water reuse

•

 

Non-engineering roadblocks to reuse addressed

•

 

Applications (real + generic) lead to new insights

Water 
Quality

Water 
Quantity

Energy,  
Green House 

Gases

Legal and 
Institutional

Social/
public 

perception

Arnold, Choi,
Davis

Choi, 
Lansey

Lansey Scott Scott

Integrated Water and 
Wastewater System Modeling   

(All)

Integrated System Optimization 
(deterministic & stochastic) 

(Bayraksan/Lansey)

Approach
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